[1] The assimilation of elements by an organism is dependent on both the environmental availability of the element and the processes of the organism. For some elements, organisms have a challenging time discriminating between nearly identical chemical analogs, for example, calcium and strontium. We tested the hypothesis that in environments where a desired element is scarce, the organism will assimilate a chemically similar analog at an increased rate. Populations of Daphnia pulicaria were manipulated using a microcosm in situ experiment and the results of that experiment tested with a field survey. Experimental results indicated a correlation between higher environmental calcium concentration and lower [Sr]/[Ca] ratios (R 2 = 0.91, p < 0.05), suggesting that Daphnia in high calcium environments will assimilate more calcium relative to strontium. Field survey results across eight lakes confirmed that as lake calcium concentration increased, the value of [Sr]/[Ca] between the organism and the lake water decreased (R 2 = 0.60, p < 0.05). Measurement of the elemental ratio of major and trace element analogs within organisms compared to their environments may be a useful tool for measuring the relative bioavailability of the major element, and provide insight into elemental limitation in other calcifying aquatic invertebrates.
1. Introduction
Using Ratios to Track Preferential Uptake of Elements
[2] Elements can be grouped according to similar chemical reactivity [Mendeleev, 1869] , and substitution of one element for another is recognized in materials due to similarities in electron structure and ionic radius [Goldschmidt, 1929] . For example, strontium can substitute for calcium in biogenic minerals such as hydroxyapatite and bone [Sillen, 1986] . Reconstruction of past environmental conditions has relied extensively on this phenomenon to decipher paleoocean chemistry [Bath et al., 2000; Ivany et al., 2004] , paleoocean pH [Pearson and Palmer, 2000] , and paleotemperature [McCulloch et al., 1999; Shen et al., 2007] . In each of these cases, the abundance of a trace element is compared to a major element as a reference. For example, the ratio of [Sr] / [Ca] in well-preserved coral has been used to reconstruct the ratio of [Sr] / [Ca] in the Oligocene ocean [Ivany et al., 2004] . The coral had assimilated strontium and calcium from seawater, where the calcite saturation index is near unity, and calcium was readily available. In high calcium environments such as these, the elemental ratio is controlled by a variety of kinetic processes within the organism that metabolize dissolved aqueous calcium into structural hard parts [Devilliers et al., 1994] .
[3] In environments where calcium is less available, organisms may compensate by accumulating a chemically similar, yet perhaps functionally less usable element. In the case of low environmental calcium concentrations, strontium can be assimilated in lieu of calcium [Bath et al., 2000] . This phenomenon has already been observed in fish [Bath et al., 2000; Chowdhury and Blust, 2001] , and may also apply to zooplankton. We can calculate a distribution coefficient that equates the preferential uptake of strontium compared to calcium from the organism's environment, after Porcella et al. [1967] :
This approach is analogous to using the alpha value (a) in isotopic analysis, which quantifies the differential exchange of isotopes between two molecular phases that are participating in a reaction [Urey, 1947] .
[4] Elemental ratio techniques may save time and labor in studies that assess calcium limitation in populations of Daphnia. The fitness of Daphnia under different environmental conditions has typically been measured using time and labor-intensive life table or juvenile growth rate experiments [Lampert and Trubetskova, 1996; Tessier and Woodruff, 2002] . The elemental ratio methods introduced here are both faster and easier. Furthermore, life table and growth rate experiments are manipulative procedures that can be complicated by spurious patterns or ''bag effects''. Analysis of elemental ratios allows assessment of calcium limitation by means of a field survey, thus making the investigation less manipulative and the investigator's data more representative of the natural system.
Calcium Effects on Lake Ecosystems
[5] Food quality and quantity have been shown to affect growth and reproduction rates in populations of zooplankton, particularly Daphnia. Food quality is often measured stoichiometrically as the ratio of carbon to phosphorus (C/P) or nitrogen (C/N). In particular, Daphnia growth and reproduction are suppressed when the organisms are reared on nutrient poor food sources (high C/P), regardless of food concentration [Elser et al., 2000; Sterner, 1997; Urabe and Sterner, 2001] . Daphnia survival, growth and reproduction can also be limited by calcium [Hessen and Rukke, 2000a; Hessen et al., 2000] . In contrast to how other nutrients are acquired, Daphnia gain the majority of their assimilated calcium via direct uptake from the water column, thereby decoupling calcium limitation from food quality effects [Alstad et al., 1999; Ashforth and Yan, 2008; Cowgill et al., 1986] . Daphnia are highly calcified organisms (ranging from 0.8 to 8.0% Ca dry weight) relative to other zooplankton groups such as Holopedium and copepods (0.1 to 0.4% Ca dry weight) [Jeziorski and Yan, 2006; Waervagen et al., 2002] . Daphnia retain negligible amounts ($10%) of their total assimilated calcium during molting, causing a need to assimilate calcium [Hessen and Rukke, 2000b] . While resting egg production is an important aspect of Daphnia ecology [Caceres, 1998] , and the primary component of resting eggshells is calcium phosphate [Kawasaki et al., 2004] , resting eggs contain only a small fraction of the total calcium in the organism [Jeziorski et al., 2008] . Environments with extremely low calcium concentrations can preclude lake colonization by Daphnia. A calcium threshold for survival was determined in a laboratory population to be 0.1 -0.5 mg/L in Daphnia magna [Hessen et al., 2000] and 1.5 mg/L in Daphnia pulex [Ashforth and Yan, 2008] .
[6] In natural systems, low calcium concentration in lakes can influence the distribution of aquatic organisms. For example, zooplankton communities may shift from larger species such as Daphnia to smaller, less-calcified groups such as rotifers in lakes with low alkalinity, as was observed in a study of 146 lakes in the northeastern United States [Tessier and Horwitz, 1990] . Low lake productivity, calcium and pH were the main determinants for the competitive advantage and relative success of herbivorous taxa, particularly Daphnia [Hessen et al., 1995] . Daphnia appear to be competitively disadvantaged in lakes with low calcium concentrations relative to less calcium demanding species [Waervagen et al., 2002] , and for the lakes in this study, Daphnia abundance appear positively correlated to lake conductivity [Kessler et al., 2008] .
Calcium and Strontium in Daphnia
[7] In the late 1960s, a series of laboratory experiments with Daphnia magna grown under varying 85 Sr and calcium concentrations were used to examine the relative assimilation of these elements [Porcella et al., 1967 [Porcella et al., , 1969a [Porcella et al., , 1969b . Organisms incubated at 20°C reached equilibrium between the organism's [Sr]/[Ca] ratio and that of the water within approximately 24-48 h [Porcella et al., 1967] . At calcium concentrations between 23 and 87 mg/L, assimilation of calcium and strontium did not appear to vary as a function of calcium and/or strontium concentrations in the water column [Porcella et al., 1967] . One experimental culture, incubated at a calcium concentration of 3.2 mg/L had a different assimilation rate, with Daphnia accumulating more strontium relative to calcium than the experiments conducted at higher calcium concentrations [Porcella et al., 1967] . The authors dismissed this one experimental run at the lowest calcium concentration as an outlier, and concluded that discrimination factors do not vary with calcium concentration in the water [Porcella et al., 1967] . Further experiments were conducted under the assumption that radiostrontium tracks identically with calcium to study of moulting and growth [Porcella et al., 1969a] .
[8] In this paper, we hypothesize that the [Sr]/[Ca] ratio of an organism compared to the environmental [Sr]/[Ca] ratio can be used as an indicator of calcium availability within the organism's environment. At high concentrations of calcium, this difference should approach an equilibrium value that is governed by the ability of the organism to discriminate between these two chemical analogs. For Daphnia magna, this value was measured to be approximately 0.51 ± 0.02 [Porcella et al., 1967] . At low concentrations of calcium, this value should approach unity, as the organism no longer can discriminate between calcium and strontium, and assimilates both elements at the same ratio as they occur in the water column.
[9] Measures of the calcium availability are important, as many lakes in North America are experiencing declines in calcium concentration [Keller et al., 2001 ], likely to be rooted in the decline of available calcium in upland watersheds due to acidification [Houle et al., 2006; Likens et al., 1998; Watmough and Dillon, 2003] . Experimental manipulations to increase calcium in these ecosystems [Peters et al., 2004] have resulted in changes in biogeochemistry of the watershed biota such as reduced frost injury in red spruce, wound repair in sugar maple, and the resurgence of calcium dependent organisms such as snails [Dasch et al., 2006; Hawley et al., 2006; Huggett et al., 2007; Skeldon et al., 2007] . Should manipulations of calcium in aquatic ecosystems be designed, the methods demonstrated herein should prove a useful tool for assessing the impact of the treatments on calcified aquatic organisms.
Materials and Procedures

Experimental Manipulation of Calcium in Microcosms
[10] An experiment designed to explicitly test the elemental ratio approach was conducted at Beauty Lake (calcium concentration = 0.96 mg/L), approximately 40 km southwest of Red Lodge, Montana, USA (Table 1) . Beauty Lake is a subalpine lake, approximately 2.5 km from the nearest road, with minimal on-site human impact. The experiment consisted of five treatments with three replicates: control (lake water with no added Ca), +0.5 mg/L Ca, +2 mg/L Ca, +8 mg/L Ca and +16 mg/L Na. Ten juvenile Daphnia pulicaria were placed into one-liter Bitran 1 bags and incubated in floating racks of six bags each under a layer of Courtgard 1 brand plastic (Courtgard, Solutia Inc, Martinsville VA, USA). Courtgard 1 is a long-wave-pass plastic that transmits photosynthetically active radiation (PAR) (95% 400-800 nm in water) but blocks most ultraviolet radiation (UVR) (transmits no UV-B 295-319 nm, and only 9% of UV-A 320 -400 nm with a sharp wavelength cutoff and 50% transmittance at 400 nm). This allowed the experiment to be incubated at a higher temperature so that the animals would have higher growth rates enabling a greater response to the manipulation during the incubation period without mortality due to UVR. The racks also had a layer of window screen mesh that cut out $50% PAR to simulate incubation at deeper depths. During the six day experiment, the surface water temperature averaged 14°C.
[11] The day before the incubation began, four vertical tows were taken from 20 m depth in Beauty Lake with a 243 mm net and all the animals were placed into prefiltered water (48 mm mesh) collected from 6 m. The smallest Daphnia pulicaria were selected and sorted into groups of ten, each group stored overnight in a 20 ml plastic scintillation vial. We used the smallest and youngest individuals and a short incubation period in an effort to minimize potential confounding of results by Daphnia reproduction. After 24 h in the scintillation vials, 98% of the sorted Daphnia pulicaria were surviving and actively swimming, suggesting minimal stress from the collection and sorting process.
[12] On the first day of the experiment, five 5-L volumes of water were collected from 6m depth in the lake and filtered through a 48 mm mesh. Calcium along with naturally occurring trace strontium at a ratio of 510 mol Ca/mol Sr was added using a concentrated solution made from dissolved powdered gypsum (CaSO 4 .2H 2 O) so that the concentrations of both calcium and strontium would increase at precisely the same rate. Sodium was added in the form of sodium bicarbonate (NaHCO 3 ). Sodium treatments were designed to approximate the ionic strength of the greatest calcium addition to test for potentially confounding effects of ionic strength. Water samples of the initial conditions were taken from each treatment and syringe filtered through a 0.45 mm polypropylene filter (Whatman PP Puradisc) for subsequent analysis in the laboratory. A 750 ml aliquot of water was added to each Bitran 1 bag, followed by ten Daphnia pulicaria from a scintillation vial. Three extra groups of ten Daphnia pulicaria were rinsed and placed into Teflon vials to provide samples of the initial conditions. The treatment bags were randomly distributed among five floating racks suspended just below the lake surface and anchored in place.
[13] After the six-day incubation period, bags were removed from the racks and a water sample was taken from each and syringe filtered through a 0.45 mm polypropylene filter for analysis. Surviving Daphnia pulicaria were then individually removed, rinsed in deionized water and placed into acid-washed Teflon vials for analysis. Excess water was removed using a fine-tipped pipette. Within the experimental microcosms, survival was assessed by counting live individuals under a dissecting microscope as the animals were being rinsed and placed into the Teflon vials for elemental analysis. Any animal that had a visible heartbeat was considered to be alive.
Survey of Organismal Composition Along a Gradient of Lake Calcium Concentration
[14] Eight subalpine to alpine lakes were selected to represent a range of calcium concentrations (Table 1 ). The eight study lakes all had populations of Daphnia pulicaria and natural or stocked populations of fish. Water samples were collected from the surface of each lake and syringe filtered through a 0.45 mm polypropylene filter (Whatman Puradisc PP). Daphnia pulicaria samples were collected by performing a full column tow with a 243 mm net. Ten adult Daphnia pulicaria were collected from each tow using a plastic pipette and placed into a dish of deionized water. The animals were collected from the deionized rinse water and placed into acid-washed Teflon vials. Excess water was removed using a fine-tipped pipette. From the full water column tow, a subsample was counted to determine Daphnia and Holopedium abundance. These two genera make up the majority of the cladoceran community in all of these lakes, with an occasional observation of Bosmina.
Chemical Analysis of Elemental Concentrations and Ratios
[15] Water samples were analyzed using an Inductively Coupled Plasma Mass Spectrometer (ICP-MS, Thermo Elemental X-Series, Winsford, UK). Elemental concentrations were measured using a six point standard calibration curve with an absolute accuracy of $5% and a precision better than 3%. Elemental ratios were measured in a separate analysis using fast peak jumping techniques described in detail by Rosenthal et al. [1999] . The high precision elemental ratio is calibrated using sample-standard bracketing with a matrix-matched standard solution, while the elemental concentrations are calibrated against a linear regression of six standards. The combination of these two separate analytical runs allows the operator to optimize for precise elemental ratios in one analysis, and for multielemental analysis in the other analysis. Analysis of elemental ratio data is performed using the comparison of the trace/major element ratio to the reciprocol of the major element concentration in order to linearize the plot [e.g., Dasch et al., 2006; e.g., Porcella et al., 1969b] .
[16] All animal samples were digested in 7 mL Teflon vials (Savillex, Minnetonka MN, USA) using 250 mL of The microcosm experiment was conducted in Beauty Lake. %Daphnia = Daphnia/(Daphnia + Holopedium). Species data are not available for Glacier Lake.
70% double distilled concentrated nitric acid. Samples were placed onto a hotplate for three days at $70°C until fully decomposed. After the digestion, samples were diluted with deionized water to a total volume of approximately 5 mL and transferred into centrifuge tubes for analysis as described above for water samples. (Figure 1) . The reciprocal transformation of the x axis was used to linearize the relationship to calcium concentration. Such methods are commonly used to assess the fractionation between two chemically similar elements across a range of environmental conditions [Evans and Derry, 2002; Hamade et al., 2003] .
Results
Experimental Manipulation of Calcium in
[ Figure 1) . No significant differences in Daphnia survival were observed among experimental treatments in the microcosms (R 2 = 0.244, p = 0.547). None of the animals were gravid at the end of the incubation period and there was no evidence of reproduction. We could not quantify the number of moults for the experimental treatments due to the fragile nature of the carapaces and constraints on the equipment available in the remote field location.
Field Survey of Organismal and Water Chemistry Along a Gradient of Lake Calcium Concentration
[19] The eight study lakes in the survey ranged in ambient calcium concentration from 0.45 mg/L to 4.88 mg/L ( (1) allows us to compare the ratios of the two elements in the organism compared to that of the water [Porcella et al., 1969a; Shen et al., 1996] :
This approach enables greater analytical precision, as the ratios of strontium and calcium within the organism and the environment can be determined with considerably higher precision than individual elemental concentrations used to make the ratios [Rosenthal et al., 1999] . In this experiment, the D Ca Sr value represents the degree to which Daphnia discriminates between strontium and calcium as these elements are assimilated into biomass from the surrounding water column. A value of D Ca Sr equaling one indicates that the organism has an elemental ratio identical to its environment and is not selectively assimilating one element preferentially over the other. A value of D Ca Sr less than one indicates that calcium is preferentially accumulated compared to strontium.
[20] Calculated D Ca Sr ratios ranged from $0.62 to $0.75, indicating that the organisms were preferentially accumulating calcium instead of strontium from their environments. The D Ca Sr values can then be plotted as a function of the calcium concentration in the lake (Figure 2) . The value of D Ca Sr decreases as calcium concentration increases as shown by the logarithmic fit (R 2 = 0.89, p < 0.001). One statistical outlier, Kersey Lake (Dixon's Q, 95%) is excluded from the regression. The D Ca Sr of Kersey Lake is higher than what our model predicts based on the calcium concentration of the lake water. Data from incubations conducted at higher calcium concentrations from Porcella et al. [1967] are included on Figure 2 , and included in the regression. Regression through the data only from this study, and not including those of Porcella et al. [1967] perature, specific conductivity and pH (Figures 3a -3c) . The plots of the residuals versus conductivity and pH did not reveal any compelling patterns (Figures 3b and 3c) . However, regression of the residuals plotted against temperature, which ranged from 8°C to 16°C, does explain some of the variability in the data, suggesting that D Ca Sr in Daphnia is kinetically influenced as well as influenced by calcium concentration (R 2 = 0.66, p < 0.02, Figure 3a ). There is a well-studied relationship between D Ca Sr and temperature in some marine corals [Devilliers et al., 1994; Shen et al., 1996; Wei et al., 2000] and between D Ca Mg and temperature in foraminifera [Nurnberg et al., 1996] . In both of these cases, an increase in temperature causes a decrease in elemental discrimination resulting in higher values of D Ca Sr and D Ca Mg . We detect this same pattern in our analysis of temperature and residuals (Figure 3a) . The observed change in discrimination is consistent with both temperature and low calcium being multiple stressors on Daphnia survival [Ashforth and Yan, 2008] . Monitoring both calcium availability and temperature may yield a more complete model of D Ca Sr in Daphnia. Following the determination of the temperature dependence, we then apply the regression for the residuals to correct each of the measured ratios for temperature, and have also plotted these temperature-corrected values in Figure 2 .
Discussion
[22] Both the field survey and the experimental manipulation provide evidence consistent with the hypothesis that D Ca
Sr is an indicator of calcium availability and to a lesser degree, temperature. This parameter may be useful in studies that seek to ascertain the presence or extent of calcium limitation in populations of Daphnia and other aquatic invertebrates.
[23] Our microcosm experiments showed no limitation effects of low calcium concentrations on the Daphnia most likely due to their short incubation duration and the cooler temperatures that reduce Daphnia metabolic and growth rates. The lakes in the field survey, however, have calcium concentrations where one might expect to find populations of calcium-limited and therefore competitively disadvantaged Daphnia. There may also be synergistic factors that contribute to the importance of calcium availability to Daphnia and its abundance relative to other zooplankton Figure 3 . Plots of residuals from regression in Figure 2 as a function of (a) water temperature, (b) specific conductivity, and (c) pH. A significant trend is observed in the residuals as a function of water temperature (p < 0.02). . Regression through uncorrected data from this study and Porcella et al. [1967] (open boxes) is highly significant. Lake data are then corrected for effects due to different water column temperature (see Figure 3) and replotted as open circles. The open triangle represents Lake Kersey, which is excluded from the calculations (Dixon's Q = 0.95). As calcium increases, elemental discrimination also increases. species with lower Ca requirements. For example, the shift in cladoceran community structure from Daphnia to Holopedium with decreased Ca concentrations across our study lakes (Table 1) suggests that Daphnia may be limited due to environmental calcium availability.
[24] Kersey Lake, which had a higher D Ca Sr than predicted by our model, also had a higher abundance of Holopedium relative to Daphnia than the other lakes in our data set of similar calcium concentration (Table 1) . It is possible that chemical interactions in Kersey Lake influence the calcium availability beyond what the total calcium concentration suggests. Kersey is the only lake in the data set with a recent forest fire (<10 years) in its watershed, and has the highest dissolved organic carbon (DOC) concentration of any of the lakes across the field experiment. Using NICA-Donnan assumptions to estimate calcium-DOC interactions results in decreases of calcium activity by about 10-15% [Benedetti et al., 1996; Gustafsson, 2007; Kinniburgh et al., 1999] , and cannot alone explain why Kersey Lake is different. Other complex interactions between DOC and the studied organism may be responsible for the data from Kersey Lake, and are beyond the scope of this contribution [Steinberg et al., 2006] .
[25] During spring snowmelt in temperate and boreal lakes, there is a pulse of nutrients consisting of mostly biologically available forms of nitrogen and phosphorus that coincides with a decrease in specific conductivity due to dilution [Wetzel, 2001] . If Daphnia growth is limited by low calcium availability during this time, then the population will be unable to sequester the relatively abundant nutrient resources of the snowmelt period. This may be particularly important in alpine and subapline lakes such as our study lakes where ultraviolet radiation may penetrate to substantial depths. For example, 1% of surface 320 nm UV reaches down to 5.8 m in Emerald Lake and 6.4 m in Fossil Lake. As the season progresses following snowmelt, lakes enter a clearwater phase during which food and nutrient resources decline and settling and sedimentation coupled with DOC photo-bleaching increases water column penetration of UVR [Williamson et al., 2007] . UVR and low-calcium availability are mutual stressors for Daphnia [Hessen and Rukke, 2000a] and these seasonal increases in UVR penetration could exacerbate the consequences of low calcium concentration later in the productive season in UV-transparent lakes.
[26] Broader field surveys that include lakes where one would not expect the Daphnia populations to be impacted by low concentrations of calcium are still necessary in order to fully assess the factors that influence D Ca Sr . We predict that values of D Ca Sr in these high calcium concentration environments will fall on the line between the data from Porcella et al. [1967] and the highest calcium concentration lakes in this study (Figure 2) . Furthermore, if either the temperature of the lake, or degree of calcium availability could be removed from the relationship, D Ca Sr in these environments may become an indicator of the other variable. This relationship could open a door to various paleo-applications because Daphnia resting eggs and carapaces preserve well in lake sediments [Sweetman and Smol, 2006] and if a method were devised to reconstruct D Ca Sr , then it would be possible to reconstruct historic records of lake temperature or other environmental variables such as calcium availability. Note that the entire carapace need not be preserved, just that the D Ca Sr variable is not altered during diagenesis.
Conclusions and Implications
[27] In environments where calcium is abundant, such as in seawater, D Ca Sr is influenced primarily by temperature, salinity, or other kinetic factors, and has been used very successfully to reconstruct paleoenvironmental conditions [Ivany et al., 2004; McCulloch et al., 1999; Pearson and Palmer, 2000; Shen et al., 2007] . In this contribution we've shown that in low calcium environments, the ability of the zooplankton Daphnia pulicaria to discriminate between the Ca and Sr chemical analogs diminishes, and the D Ca Sr value moves closer to unity. Therefore, D Ca Sr , appears to be an indicator of calcium availability to an organism in low calcium environments.
[28] The direct utility of this research is to biogeochemists who study Daphnia pulicaria in soft water lakes who would like to assess the degree of calcium availability compared to a measure of competitive disadvantage or other physiological index of nutrient limitation. By extension, it is likely that this approach could apply to other zooplankton species, and perhaps more generally to other calcifying aquatic organisms.
[29] One indirect implication of this research is that paleoclimate reconstruction that relies on the dominance of kinetic factors to control the Sr/Ca ratio in calcified organisms must ensure that the calcium concentration in seawater stays high, preferably close to saturation with calcite. While this is true for seawater, nearshore and continental environments may not always achieve this criterion.
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